Introduction
Bats hibernate to minimize energy expenditure during winter, but hibernation has ecological and physiological costs. In autumn, insectivorous bats of temperate regions accumulate body fat (energy reserves), which they use while hibernating during winter when food is scarce or unavailable. Examples of ecological costs of hibernation include decreased detection of predators [1, 2] and increased likelihood of freezing [3] . Examples of the physiological costs of hibernation include decreased immune response [4] , reduced motor function [5] , reduced protein synthesis [6, 7] , and sleep deprivation [8, 9] . Bats can minimize these costs by spending less time in hibernation. The body temperature of hibernating bats is near the ambient temperature.
A shortened period of hibernation is possible by hibernating in warmer ambient temperatures, which causes higher body temperatures during hibernation and therefore leads to shorter hibernation bouts [10] . Hibernating in warmer temperatures increases energy expenditure and is therefore possible for individuals with large fat stores [11, 12] . Bats with small fat store must concentrate on saving energy by choosing colder temperatures for hibernation [12] . The subsequent colder body temperatures lead to longer hibernation bouts. Besides temperature, humidity is an important microclimatological factor for hibernating bats. Bats have no special provision to reduce water loss during hibernation so many species hibernate in high humidity [13, 14] .
Bats choose optimal temperatures for hibernation either by shifting their locations within hibernacula or by moving among hibernacula [2, [15] [16] [17] [18] . The range of temperatures available within potential hibernal habitats limits this choice. Larger numbers of bats are typically found in hibernacula with variation in temperature [19] . This is potentially due to the increased availability of different microclimates [12] .
The temperatures at which bats hibernate are largely species-specific, although there also exists some intra-specific [20] [21] [22] and seasonal variation [2, 15, 16, 21, 23, 24] . Some bat species use thermally stable areas while others prefer more variability [25] . By hibernating in clusters and/or in crevices, bats may decrease exposure of airflow and fluctuating air temperatures [2, 26] and reduce water loss [26] . Dry air has a greater capacity for moisture, and consequently evaporation occurs more rapidly when the air is dry than when it is moist. When air is saturated it is unable to hold more water, and no further evaporation occurs. Airflow increases evaporation rates by transporting water vapor away from the evaporating surface. It also increases evaporation when transporting warmer or drier air from surrounding areas to displace the moist, cool air above an irrigated surface [27] .
All hibernators arouse periodically [28] . Arousals represent 80-90% of the total cost of hibernation, because bats must raise their body temperature to euthermic levels [29] . During arousals bats feed [30] , drink [31] , copulate or change hibernation sites [15] . As the body temperature of hibernating bats is near the ambient temperature, the benefit of decreased heat loss is highest during arousals [3, 32, 33] .
Our goal was to find out whether bats use different strategies (minimizing the cost of hibernation vs. minimizing energy expenditure) throughout the hibernation period. As body fat reserves get smaller and smaller towards spring, we predicted that at the beginning of the season bats would tend to use warmer areas (larger energy reserves) to minimize the cost of hibernation and at the end of the season they would use colder areas (smaller energy reserves) to minimize energy expenditure. By hibernating increasingly in clusters and crevices bats can decrease heat and water loss, so we further predicted that at the beginning of the season bats would hibernate in smaller clusters and less protected sites than at the end of the season when they would concentrate on minimizing energy expenditure. To test this theory we measured seasonal variation in temperature, humidity, clustering behaviour, crevice occupation, and location by E. nilssonii, M. brandtii/ mystacinus, M. daubentonii, and P. auritus in southern parts of Salpa Line.
Experimental Procedures

Study area
We conducted the study in south-east Finland between 22-24°E and 60-61°N within the temperate coniferousmixed forest zone. We collected the data in Salpa Line where most of the biggest winter bat roosts in Finland can be found. Salpa Line is a bunker line on the eastern border of Finland. This bunker line contains more than 700 concrete installations, the majority of which are situated in the south-east. The climate in this area is a mixture of maritime and continental climates. Weather can change rapidly, particularly in winter. The average annual temperature varies from 4-6 o C and precipitation varies from 600-650 mm. Temperature extremes range from 30 o C in the summer to -35°C in the winter. Winter begins in November and ends in late April, the coldest month being February [34] . We collected our data in south-east [34] .
During Each hibernaculum was at a depth of between 5-10 m. The heights of hibernacula were between 2-3 m and each had between 2-4 entrances. The entrance area was defined as the first 0-10 m from the mouth of hibernacula. The length of passages within hibernacula varied from 34-73 m, and the total surface area of roof and walls was from 290 to 660 m 2 . Hibernacula in Finland are relatively small, and consequently the number of bats per hibernacula is low [22] . In Finland, bats typically occur in constructions of natural stone [22] , such as those we selected for this study. There are dozens of concrete installations in the study area, but bats use only a few of them for hibernation [22] . The study area is remote, with few winter visitors so we assumed that human disturbance would have little effect on the movement of bats. Bats do not use these hibernacula as swarming sites or summer roosts. All hibernacula were variable-temperature underground caves [15] . According to Dallas Semiconductor temperature loggers placed in the middle of chambers (or in the middle of the hibernacula without chambers), temperatures inside all hibernacula were typically higher than outside air temperatures recorded at a meteorological station approximately 10 km away. At the beginning and end of hibernation season temperatures inside hibernacula were occasionally lower than outside air temperatures. In all hibernacula these temperatures changed following fluctuations in outside temperature.
Data collection
To determine fluctuations in the number and community structure of hibernating bats, we conducted surveys at 3-4 week intervals. We conducted 11 surveys per hibernaculum in the winter of 2003/2004 and 9 surveys per hibernaculum in the winter of 2004/2005. We surveyed hibernacula at night to be certain that bats were in hibernation. We surveyed bats on the wall and ceiling using a self-standing ladder.
Although we did not count the exact number of holes, in every visit there were plenty of empty holes on the walls and ceiling, so the availability of holes was probably not a limiting factor in this study. We refer to any hole that a bat can completely enter as a crevice. Most crevices were 5-20 cm long (maximum length of 50 cm) and 2-20 cm wide.
We identified bat species and took all measurements without handling the bats to minimize disturbance. According to the Finnish Nature Conservation Act 1996/1096 [35] no permit was required for this noninvasive study. Seven bat species hibernate in Finland [36] [37] [38] and all except M. brandtii and M. mystacinus could be distinguished using characteristics employed in this study. In September of 2005 these two latter sibling species were captured with mistnets (permission KAS-2002-L-444-254) six times in the vicinity of hibernacula. M. mystacinus (N=2) was much less common than M. brandtii (N=94), and therefore we combined these two species and refer to them as M. brandtii/mystacinus.
To identify species we used a Sony DSC-F828 digital camera, a SnakeEye video inspection system (Panametrics-NDT, Waltham, U.S.A.), Swarovski EL 10x32 binoculars, a two-sided dentist's mirror, and a make-up mirror with a 1.5 meter handle (one side was simple reflecting mirror while the other was a magnifying mirror). The mirror pivoted so that we could inspected a crevice from many angles. With this equipment it was possible for us to thoroughly search all crevices for bats. Clusters of bats were relatively small, and it was possible for us to identify each individual in a cluster to species except M. brandtii and M. mystacinus.
During each survey, we recorded the locations of bats on maps (roof and walls) of the hibernacula. We recorded whether the bat hibernated on the wall/ceiling or in crevices, whether each bat hibernated alone or in a cluster, and, when in a cluster, the number of bats in the cluster. We classified bats that were in body contact with each other as clustered, and consequently the minimum cluster size was 2 bats. We measured temperature and relative humidity (RH) within 5 cm of the bat, using two humidity and temperature meters: VAISALA HM 34 and VAISALA HMI 41 with HMP 44L probe (2.7 m; VAISALA, Vantaa Finland), which provided fast accurate results to minimize the effects of our presence on results. The measurement range of both meters for humidity is 0-100% (0-90±2%, 90-100±3%) and for temperature is - o C (±0.3 o C). With VAISALA HM 34 we also measured temperature and humidity at a height of 2 m for every 5 m along passages to determine changes in ambient temperature and humidity during different periods of the hibernation season. We also calculated water vapour pressure difference from RH and temperature sensu [27] as it determines the direction and rate of water vapour movement.
Data analysis
We compared temperature, water vapour pressure, and cluster size among the beginning (October and November), middle (December-February), and end (March and April) of the hibernation season using a Kruskal-Wallis test, because the data was not normally distributed (Lilliefors test). We performed post-hoc comparisons of the groups using Dunn's test sensu [39] . We compared solitary hibernation, crevice occupation, hibernation height, hibernation on the ceiling, abundance of bats in different parts of the hibernacula and clustering of crevice bats using Chi-Square Tests with the binomial test as a post-hoc test when appropriate. We considered a P value of <0.05 significant. We present the means with standard deviations (±SD) unless otherwise stated. We used SPSS (version 14.0 for Windows; SPSS Inc., Chicago, 1989 Chicago, -2005 for all data analysis.
Results
Abundance of bats
The numbers of hibernating bats fluctuated over time in the nine hibernacula of our study ( Table 2 ). The most abundant species in all three periods (beginning, 
Availability of temperatures and water vapour pressures
Hibernacula were coldest in the middle and warmest at the beginning of the hibernation season. Water vapour pressures were highest at the beginning and similar between the middle and end of the hibernation season. Table 3 presents details of these measurements taken at a height of 2 m for every 5 m along passages of hibernacula and Table 4 presents comparisons between periods of the bat hibernation season. Table 5 presents the temperatures and water vapour pressures potentially available to bats at different parts (entrance, corridor, chamber) of hibernacula at the beginning, middle and end of the bat hibernation season. Chambers (posterior portions) had more stable conditions than anterior portions of hibernacula. Mean temperatures and water vapour pressures were higher in chambers throughout the season. At the beginning and the middle of the hibernation season mean temperature and water vapour pressure were lower at the entrances.
At the end of the hibernation season both temperature and water vapour pressure were lowest in corridors.
Use of microclimates
Microclimates used by E. nilssonii, M. brandtii/ mystacinus, M. daubentonii and P. auritus in different portions (beginning, middle, and end) of the hibernation season are presented in Table 6 and their comparisons in Table 7 . At the beginning of the season all species used more humid and warmer conditions than at the end of the season. M. brandtii/mystacinus and M. daubentonii used driest conditions at the end of the season while E. nilssonii and P. auritus hibernated in similar humidity in the middle and the end of the season. M. brandtii/ mystacinus selected coldest conditions at the end of the season while all other species hibernated in similar temperatures in the middle and end of the hibernation season.
Use of clusters and crevices
Hibernation in clusters and crevices in different portions (beginning, middle, and end) of the season are presented in Table 6 and 8 and their statistical comparisons can be found in Table 7 
Use of different parts of hibernacula
Use of different parts of hibernacula by species is presented in Table 6 and 10, and their statistical comparisons can be found in Table 9 . The height at which E. nilssonii, M. daubentonii and P. auritus hibernated did not differ between periods of the season, and a similar number of each of these species hibernated on the ceiling throughout the season. Towards the end of the hibernation season greater numbers of M. brandtii/ mystacinus hibernated on the ceiling and the highest parts of the hibernacula. Use of chambers by E. nilssonii and P. auritus was similar throughout the season, while M. brandtii/mystacinus tended to hibernate in chambers increasingly towards the end of the season and M. daubentonii was found in chambers more often in the middle of the season.
Discussion
The results of this study suggest that bats may use different hibernation strategies during the season of hibernation. Early in the season, when they have large energy reserves, they minimize the costs of hibernation (short torpor bouts) by hibernating in warmer locations. Optimal hibernation strategy for fat storing bats is to minimize ecological and physiological costs of hibernation by short torpor bouts [1, 12] . This strategy is possible to achieve when relatively warm ambient temperatures are available and bats have large energy reserves. Later in the hibernation season, bats have small energy reserves and are forced to minimize energy expenditure (deep bouts of torpor) by hibernating in colder locations. Bats can minimize energy expenditure with longer and deeper torpor bouts. This strategy is possible to achieve when relatively cold ambient temperatures are available. Several findings of this study support this hypothesis:
1. In this study, all species hibernated in warmer locations at the beginning of the season of hibernation than in mid-season and at the end of the season, which corroborates [2, 15] . Relatively warm ambient temperature cause shorter torpor bouts (optimal hibernation strategy) and cold ambient temperatures make torpor bouts deeper and longer (energy saving strategy) [12] . 2. Hibernacula were coldest in the middle of the hibernation season (similar to findings in [40] and review in [21] ) and became warmer towards the spring, but no species hibernated in warmer areas at the end of the season compared to the middle of the season. On the contrary, M. brandtii/mystacinus hibernated in colder locations at the end of the hibernation season than in the middle of the season while E. nilssonii, M. daubentonii and P. auritus hibernated at similar temperatures in both the middle and end of the season. These results suggest that all five of these species selected colder temperatures (energy saving strategy) at the end of the season. In Poland, M. daubentonii used increasingly colder temperatures for hibernation towards spring [2] , while in Britain Rhinolophus ferrum-equinum used coldest temperatures in February (mid-season) [15] . Our study suggests that bats have compensatory strategies for successful hibernation. Evaporation increases loss of energy, and evaporative water loss is less at low than at high values of body temperatures [13, 41] . At the beginning of the season bats used highest ambient temperatures but also highest humidity that in turn depresses evaporation, and consequently the loss of energy. Water loss may also trigger arousals [41] , which in turn increases energy expenditure, because bats must raise their body temperature to euthermic levels [29] . At the end of the season M. brandtii/ mystacinus and M. daubentonii used lowest humidity, but hibernated increasingly in crevices and clusters, that in turn reduces water loss and consequently the loss of energy.
Our study verifies previous findings, which suggest that some bat species prefer thermally stable areas while others hibernate in more variable areas [25] . This study suggests that M. brandtii/mystacinus prefer areas with stable temperatures and humidity, and shift to hibernate increasingly in these stable locations (chambers, crevices, clusters, ceiling) towards spring. Temperatures and humidity in chambers are more stable than corridors, and 52-76% of M. brandtii/ mystacinus hibernated in chambers throughout the season. Furthermore, more stable temperatures and humidity can be achieved by hibernating in crevices and clusters. More than half of M. brandtii/mystacinus hibernated in crevices (79-92%) and clusters (53-74%) throughout the season. The ceiling area in chambers had very stable conditions, because a chamber had only one entrance (doorway from the corridor). M. brandtii/ mystacinus was abundant especially in hibernacula that had stairs leading down to a chamber (i.e. they prefer to hibernate in deeper areas). In this study, the hibernation season of M. brandtii/mystacinus was the longest one, and in stable areas the conditions are more predictable, which may help the species to survive during its long season of hibernation. The remaining three species we found did not move to locations with stable conditions throughout the season to such an extent as in M. brandtii/mystacinus. E. nilssonii, M. daubentonii and P. auritus were, however, increasingly found in clusters and in clusters of larger sizes throughout the season. M. daubentonii hibernated increasingly in chambers in the middle of the season, but hibernated less frequently in crevices at the same time. Myotis daubentonii has been reported to belong to the species with the longest hibernation period [42] . Our results suggest that M. brandtii/mystacinus had the longest hibernation period: M. daubentonii hibernated about seven months while M. brandtii/mystacinus hibernated about eight months during both winters. Myotis daubentonii tended to actively shift its locations within the underground site (entrance, corridor, chamber and wall/ceiling, crevice). This agrees with [43] who reports that M. daubentonii is one of the most active bat species during the hibernation season.
